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Abstract — MeWaO KaOLde SeURYVNLWeV KaYe UeceLYed UePaUNabOe 

aWWeQWLRQ aV SKRWRYROWaLc (PV) deYLceV. TKeVe KaYe aOUead\ 
acKLeYed SRZeU cRQYeUVLRQ eIILcLeQc\ KLJKeU WKaQ 23% ULYaOLQJ 
WKaW RI VLOLcRQ-baVed PV. HRZeYeU, WKeVe RXWVWaQdLQJ eIILcLeQcLeV 
caQ RQO\ be acTXLUed ZLWK Oead-baVed SeURYVNLWeV aQd WKe deYLceV 
aUe cKePLcaOO\ XQVWabOe LQ aLU aQd PRLVWXUe. TKeUeIRUe, WKe Ne\ WR 
WKe ZLdeVSUead deSOR\PeQW RI SeURYVNLWe-baVed VROaU ceOO ZLOO 
cRPe dRZQ WR addUeVV WKeLU ³WR[LcLW\´ aQd LQVWabLOLW\ SURbOePV. 
We KaYe WaNeQ WKe cKaOOeQJe WR UeSOace Oead ZLWK RWKeU QRQWR[Lc RU 
OeVV WR[Lc eOePeQWV, e.J., SQ, aQd Ge.  We KaYe V\QWKeVL]ed 
CV(SQ,Ge)X3 (X=I, BU, aQd CO) TXaQWXP dRWV (QDV) XVLQJ URRP 
WePSeUaWXUe SURceVV. TKe XRD daWa VKRZed WKaW WKe V\QWKeVL]ed 
QDV ZeUe \eOORZ Ke[aJRQaO SKaVe, ZKLcK ZaV IXUWKeU cRQILUPed 
b\ WKe Ke[aJRQaO VKaSe RI WKe TEM LPaJeV RI WKe cU\VWaOV.  

Index Terms — Lead-IUee SeURYVNLWe, QaQRSaUWLcOe, dRSLQJ 
SKRWROXPLQeVceQce, VROaU ceOO. 

I. INTRODUCTION 

In recent years, halide perovskite quantum dots (QDs) have 
become the rising star of optoelectronics semiconductor 
materials for applications such as solar cell, light emitting 
diodes, photodetectors, etc. Halide perovskite is an absorber 
material in solar cell that showed a great improvement of power 
conversion efficiency (PCE) from 3.81% to now approaching 
24% within ten years [1], rivaling PCE (27%) of silicon-based 
solar cells that was achieved through 30 years of effort. This 
outstanding performance is achieved based on the unique 
optoelectronic properties of the halide perovskite, such as high 
charge carrier mobilities (25 cmଶ /Vs), long carrier diffusion 
length (>1ȝm) [2], high absorption coefficients, and direct and 
tunable band gap. Moreover, low-cost perovskite quantum dots 
can be synthesized through earth-abundant materials including 
alkaline earth metal and lanthanide-based materials [3], which 
demanded more attention. 

The general chemical formula of metal halide perovskites is 
ABXଷ, where A =CHNH+, HC(NH)+, Cs+, etc., B = Pb, Sn, and 
Ge; and X = Cl, Br, and I. The state-of-the-art perovskite solar 
cells use lead-based perovskite absorber. The toxicity of lead is 
a serious hurdle for the widespread commercialization of 
perovskite solar cell technology. Thus, a great effort is being 
devoted to the synthesis of low-cRVW, high efficienc\ and ³lead-
fUee´ SeURYVkiWe. SeYeUal lead-free elements have been 
proposed in halide perovskite, such as Ge (II) [4], Sn (II) [5], 
Bi (III) [6], Sb (III) [7], Ti (IV) [8], and Ag (I) [9]. Among them, 
Sn-based perovskites, including CH3NH3SnI3, HC(NH2)2SnI3, 
and CsSnI3 are promising because of their lower bandgap and 
corresponding reasonable device performance. While 

CH3NH3SnI3, and HC(NH2)2SnI3 have PCEs up to 9% [10], 
their stability is low, which is not only attributed to the 
oxidation of Sn2+ but also to the organic cations volatilization 
[10]. Consequently, all inorganic lead-free perovskites have 
been explored. The inorganic lead-free perovskite based on Sn 
such as CsSnI3 has recently achieved a PCE of 5% [11].  

 Herein, we take up the challenge to partially or fully replace 
Sn with Ge following the ligand-assisted re-precipitation 
(LARP) method [12], which has not been applied on the 
synthesis of lead-free perovskite. The synthesis is carried out at 
room temperature. 

II. EXPERIMENT 

Colloidal CsSn(BrxI1-x)3 (x=0, 0.2, 0.25, 0.5, 1) nanocrystals 
were fabricated by following LARP method in the N2 filled 
glove box at room temperature. It is accomplished by 
transferring precursor solution of SnX2 (X=Br, I) and CsX 
dissolved in a good solvent N, N-dimethylformamide (DMF) 
into vigorously stirred poor solvent toluene together with a 
ligand trioctylphosphine (TOP). Due to the huge difference in 
solubility of perovskite in DMF and in toluene, precursors get 
crystalized in toluene and form colloidal nanoparticles. 

Furthermore, in order to investigate if partially tuning A-site 
and B-site cation composition in perovskite helps stabilizing the 
perovskite structure of CsSnX3, substitution of Cs with larger 
formamidinium (FA) cation in CsSnI3 was carried out. In 
addition, substitution of Ge into Sn-site in CsSnBr3 and 
CsSnBr1.5I1.5 were conducted.  

A. Synthesis of CsSn(BrxI1-x)3 (x=0, 0.2, 0.25, 0.5, 1) 

In a typical synthesis of CsSnBr3 a mixture of 0.105 mmol 
SnBr2, and 0.105 mmol CsBr were dissolved in 2.6 ml DMF, 
which functions as good solvent that dissolve the inorganic salt 
and small molecules and form a clear precursor solution [12]. 
0.435 mL of precursor solution was transferred dropwise into 5 
mL ³SRRU´ VRlYenW WRlXene ZiWh YigRURXV VWiUUing. AlRng ZiWh 
the mixing, the white-yellow solution was obtained and started 
to glow green-yellow, which indicated the formation of 
colloidal nanoparticles. After that, 10 ɊL of TOP added to stop 
the growth. 

CsSnI3  and CsSn(BrxI1-x)3 were obtained by adjusting the 
amount of precursors and following the same LARP method.  
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B. Syntheses of Cs1-xFAxSn(BrxI1-x)3, CsSn1-xGexBr3, and    
CsSn1-0.5xGe0.5xBr1.5I1.5 

Cs1-xFAxSn(BrxI1-x)3 (x = 5%, 10%, 15%, 20%, 35%, 50%), 
CsSn1-xGexBr3 (x = 3%, 6%, 9%) and CsSn1-0.5xGe0.5xBr1.5I1.5 
(x= 10%, 20%, 30%, 50%) were all prepared by following 
LARP method and the Cs, and Sn composition ratios were 
respectively tuned in each perovskite structure.  

C. Characterizations 

The photoluminescence characteristics of all of samples were 
RbWained XVing HRUiba¶V PL meaVXUemenW V\VWem ZiWh mRnR-
chromated xenon lamp source of 370 nm excitation and photo 
multiplier tube (PMT) detector. The crystallographic 
characterization is performed with X-ray diffraction (XRD) 
using Pan-Analytical X-Pert PRO X-ray diffraction system 
which used CuKD X-ray and line-focus optics. It is performed 
in ambient air after spin coating with PCBM (Phenyl C60 
butyric acid methyl ester) on top of QDs to prevent short term 
degradation. The size and shape of particles were indicated by 
Transmission electron microscope (TEM). 

III. ANALYSIS  

A.  CsSn(BrxI1-x)3 (x=0, 0.2, 0.5, 0.8, 1) Synthesized by LARP 
Methods 

The LARP technique could be conveniently employed to 
synthesize CsSn(BrxI1-x)3 (x=0, 0.2, 0.5, 0.8, 1) by tuning halide 
substitutions. Fig.1 shows the optical images of CsSn(BrxI1-x)3 
samples under 365 nm UV light, and all of them were 
fluorescing. In Fig. 2, the PL spectra ranged from 518 nm for 
CsSnBr3, to 578 nm for CsSnBr1.5I1.5 by adjusting the 
composition of halogen. Since Sn-based perovskite 
nanoparticles exhibit poor stability even under the protection of 
long-chain ligand, the purification process was not carried out 
at this time. The FWHM were about 100 nm resulting from the 
absence of purification process. 

In contrast to expectations, for compositions of iodine more 
than 50%, CsSn(BrxI1-x)3 did not exhibit further red shift than 
that of CsSn(Br0.5I0.5)3. The glow was more toward yellow-
orange, exhibiting a blue shift. CsSnIଷ is reported having two 
orthorhombic polymorphs at room temperature [13]. One is 
black orthorhombic phase (B-ɀ) having 3D perovskite structure 
with a direct band gap of 1.3 eV. The other is yellow phase (Y), 
which has 1D double-chain structure and indirect band gap of 
2.55 eV, which is not desirable. Yellow phase (Y) is 
thermodynamically stable at room temperature. Comparing 
with yellow phase, B- ɀ  is kinetically stabilized metastable 
phase, which convert to yellow phase when contact with 
humidity, oxygen, change of pressure, etc. In our results, the 
accidental blue shift might be led by easy phase transition from 
black phase of  ABIଷ to yellow phase. In Fig. 3(a), the labeled 
XRD spectra of CsSnBr1.5I1.5 is in agreement with the yellow 
and B-ɀ phase reported by Kontos et.al.[13]. The first peak 
located at 25.87ι might exhibit a coexistence of yellow and B-

ɀ phase peak because of its broadness. The Y and B-Ȗ ShaVe 
peaks in our case showed slight right shift in position 
comparing with the reference [13]. This is because the XRD 
peaks of yellow and B-ɀ phase provided by Kontos et al. [13] 
were based on CsSnI3, whereas in our case, it was a slightly 
different composition, CsSnBr1.5I1.5. As I ion was partially 
replaced by Br ion in CsSnX3 structure, lattice parameter 
decreases resulting in a right shift in angle. 

Besides, TEM image (Fig. 3(b)) indicated the shape of 
orthorhombic yellow or black phase CsSnBr1.5I1.5 perovskite 
that is covered by ligand. The post-synthesis purification leads 
the detachment of partial ligand from particles as well as the 
dispersion of particles. As a result, we were not able to acquire 
the accurate particle size by TEM due to the inability of 
purification process. The size was in the range of 20-40 nm. 
 

 
 
Fig. 1. Optical images of CsSnሺBr୶Iଵି୶ሻଷ under UV light (365 nm). 
Nos.1-5 are CsSnBr3, CsSnBr2.4I0.6, CsSnBr1.5I1.5, CsSnBr0.6I2.4, and 
CsSnI3 respectively. 
 

 
 
Fig. 2. Normalized PL emission spectra of CsSn(BrxI1-x)3 and their 
respective peak position. 
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Fig. 3.  (a) XRD image (Y: yellow phase, B-ɀ: black gamma 
phase) and (b) TEM of CsSnBr1.5I1.5. 
 
B. Substitution of Cs with FA  

In order to help CsSnI3 form an optimal phase, mixing FA 
with Cs was conducted. Replacing A-site cation with bigger ion, 
such as FA, might be helpful for stabilizing the Ƚ-phase of I-
based perovskites as well as regulate phase transformation [14]. 
As shown in Fig. 4, the substitution of Cs with bigger FA cation 
led to a blue-shift and a slight increase in the 
photoluminescence intensity. For lead-based halide perovskite, 
the substitution of smaller Cs cation with FA leads to the 
decrease in band gap resulting from BX଺ octahedral tilting. It 
has been confirmed by both computational and experimental 
results of lead-based perovskite [15]. The change in band gap 
of Cs1-xFAxSn(BrxI1-x)3 (x=5% to 50%) was in accordance with 
the trend of Pb-based perovskite. Moreover, the proper ratio of 
A-site alloying improved PL performance. 

However, the addition of FA did not contribute to the right 
phase transition, which might result from the absence of other 
conditions that have to be satisfied, such as temperature, right 
solvent and ligand.  
 

 
 
Fig. 4. PL emission spectra of mixed Cs1-xFAxSn(BrxI1-x)3 and their 
respective peak position. 

 
C. Mixed Ge-Sn Perovskite 

By incorporating GeBrଶ  from 5% to 50%, the PL peak of 
CsSnBr1.5I1.5 slightly blue-shifted from 587 nm or remained 
similar (Fig. 5).  In Chi et al. [16] research, GeI2 was confirmed 
to reduce the trap densities in FA0.75MA0.25SnI3 perovskite 
structure resulting in a slight blue shift from 919 nm to 914 nm. 
Further investigation will be carried out to find the detailed 
reason for blue shift. 

In Fig.6, the addition of GeBr2 in CsSnBr3 didn¶W lead WR any 
obvious change in bandgap. However, for both CsSnBr3 and 
CsSnBr1.5I1.5, the addition of Ge gave rise to the unexpected 
decrease in PL intensity. 

 

 
 

Fig. 5. Emission spectra of CsSn1-0.5xGe0.5xBr1.5I1.5 and their 
respective peak position. 
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Fig. 6. PL emission spectra of CsSn1-xGexBr3 and their respective 
peak position. 
 

IV. SUMMARY 

A more convenient method than hot-injection method, LARP 
technique, was firstly demonstrated on the synthesis of Sn-
based perovskite, which realized the formation of      
CsSn(BrxI1-x)3 at room temperature by simply tuning 
composition of halogen. In this study, the band gap was tuned 
from 518 nm to 587 nm as Br in perovskite structure was 
partially replaced by I ion. Even with further addition of I 
(>50%), PL spectra did not show a continuous red shift, which 
resulted from the formation of yellow phase. However, even for 
this room temperature synthesis, a reasonable fluorescence 
performance was observed. Ge was substituted in several 
CsSnBr3 and CsSnBr1.5I1.5 compositions resulted in slight blue 
shift and reduced PL intensities. A slight blue-shift and increase 
in photoluminescence intensity were observed in FA alloyed 
CsSnI3. The decrease in band gap might be due to BX6  
octahedral tilting as bigger cation added, which follows the 
similar trend in the band gap of Cs-FA mixed lead-base 
perovskite. Besides, the proper ratio of FABr alloying improved 
the PL performance. More work will be done to form and 
stabilize Sn/Ge based perovskite into black phase. LARP 
method will be further modified to synthesize the Ge-
substituted CsSnI3 in an optimal perovskite structure. 
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